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Combustion synthesisPreparation of nanocrystalline Nd2O3:Gd
3+ (2 mol%) phosphor was prepared by propellant combustion
route at low temperature. Powder X-ray diffraction (PXRD), transmission electron microscopy (TEM)
and scanning electron microscopy (SEM) techniques were used to study the structural and morphological
features. A and C type hexagonal phase of Nd2O3 was obtained in as-formed and calcined product at
900 C for 3 h. SEM images show the product was highly porous, agglomerated and irregular shaped par-
ticles. The average crystallite size estimated from Scherrer’s and W–H plots were found to be in the range
20–50 nm. Combination of Fg and (Fg + Eg) modes were observed from Raman studies. A single TL glow
peak at 409 K was recorded at a warming rate 5 C s1. TL response as a function of c-irradiation showed
linear response up to 1.6 kGy and later it followed exponential growth. The phosphor show simple glow
curve structure with less fading over a period of 30 days. Trap parameters were estimated from Chen’s
peak shape method. The activation energy (E) and frequency factor (s) was found to in the range
1.377–2.934 eV and 2.01  1011–8.70  1022 Hz respectively.
 2013 Elsevier B.V. All rights reserved.1. Introduction
Recently, rare earth and transition metal ions doped oxide hosts
ﬁnd wide range of applications including luminescent materials,
catalysts, photonic applications, displays, thermoluminescence
dosimetry [1–4], etc. Oxide host phosphors were commonly syn-
thesized by numerous methods namely sol–gel, hydrothermal,
co-precipitation, combustion, solid-state method [5–8], etc. Among
them solution combustion (SC) method was highly capable of
producing nano synthesized products with large surface area,
nano size, high purity, large production, etc. This technique was a
robust, inexpensive and exothermic reaction which undergoes self-
sustaining, no extra heating was required. Further, size, shape can
be tuned by varying the parameters namely fuel, fuel/oxidizer
(F/O) ratio, water content, etc. [9].
Presently, synthesis of nanocrystalline materials with low
temperature and short reaction time were highly desirable forphosphor industry. In the present work Nd2O3:Gd3+ (2 mol%) nano-
phosphor was synthesized by low temperature solution combus-
tion method using ODH as fuel. The ﬁnal product was subjected
to structural, morphological, luminescence and EPR studies.
2. Experimental
High purity neodymium nitrate (Nd(NO3)36H2O) and gadolinium nitrate
(Gd(NO3)36H2O) were used as a starting materials procured from sigma aldrich
without further puriﬁcation. 2 mol% Gd doped Nd2O3 nanocrystalline phosphor
was prepared by taking stoichiometric amounts of Nd(NO3)36H2O, Gd(NO3)36H2O
and oxalyldihydrazide (C2H6N4O2; ODH) as a fuel. The corresponding nitrates and
ODH was mixed thoroughly in a cylindrical Pyrex dish using magnetic stirrer for
5 min. Thereafter the cylindrical Pyrex dish containing heterogeneous mixture
was placed exactly at the center of the pre-heated mufﬂe furnace maintained at
400 ± 10 C. The mixture undergoes thermal dehydration and ignition with libera-
tion of large number of gaseous products. The ﬂame temperature was measured
using optical pyrometer which was placed inside the mufﬂe furnace. Finally the
voluminous and foamy porous product was obtained. Further the as-formed prod-
uct was calcined for 900 C for 3 h and used for structural characterization and
luminescence studies. Theoretical equation assuming the complete combustion of
the redox mixture used for the synthesis of Nd2O3 phosphor may be written as
2NdðNO3Þ3 þ 3C2H6N4O2 ! Nd2O3 þ 6CO2 þ 9H2Oþ 9N2 ð1Þ
1.0 1.2 1.4 1.6 1.8
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Fig. 2. W–H plot of Nd2O3:Gd3+ nanophosphor (a) as-formed and (b) calcined at
900 C for 3 h.
Table 1
Various estimated parameters (particle size, strain and band gap values) of
Nd2O3:Gd3+ phosphors calcined at 900 C.
Nd2O3: Gd3+
(2 mol%)
Crystallite size (nm) Strain
(104)
Band gap
(eV)
Scherer’s
method
W–H
method
As-formed 24.86 27.37 7.33 5.20
Calcined at 900 C
for 3 h
39.22 47.46 3.88 5.50
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The structural and morphological characterization of the product was investi-
gated by powder X-ray diffraction (PXRD), scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). PXRD studies were carried out in
2h = 10–80 range using Shimadzu X-ray diffractometer with Cu Ka radiation.
TEM analysis was done using TECNAI F-30 model. For TEM analysis the crush and
ﬂoat technique was used, where powder was crushed with a small pestle mortar-
in methanol, ultrasonicated and drop casted on a 300 mesh lacey carbon grid.
SEM analysis was done using Hitachi Tabletop SEM without gold coating. Raman
measurement was performed using Renishaw In via Raman spectrometer with
633 nm He–Cd laser equipped with 50x objective optical microscope with a laser
spot of 2 lm in diameter. FT-IR studies were performed using Perkin Elmer Spec-
trometer (Spectrum 1000) with KBr pellets. The UV–Vis absorption of the samples
was recorded on SL 159 ELICO UV–Vis Spectrophotometer. EPR spectra was re-
corded on an EPR spectrometer (JEOL-FE1X) operating in the X-band frequencies
with a ﬁeld modulation of 100 kHz with microwave frequency of 9.205 GHz. TL
measurements were recorded on a Nucleonix TL reader at RT by taking equal quan-
tity of phosphor each time. TL measurements were done with in a time gap of 24 h
after c irradiation. For defects creation, c-irradiation in the dose range 0.23–
2.05 kGy was performed on 60Co source. Photoluminescence (PL) was performed
on a Horiba Spectroﬂuoremeter (Model Flurolog-3) equipped with 150W Xenon
lamp as an excitation source.
3. Results and discussion
3.1. Powder X-ray diffraction
Fig. 1(a and b) shows the PXRD patterns of as-formed and cal-
cined Nd2O3:Gd3+ (2 mol%) nanophosphor at 900 C for 3 h. The
diffraction patterns of as-formed and calcined product was well
matched with a hexagonal A and C type (JCPDS Card No. 83–
1353) Nd2O3. Further, the intensity of the diffraction peaks were
found to be higher in calcined samples, due to increase of crystal-
linity. The line breading of the highest peak (2h = 31.5) was used
to calculate the average crystallite size of the phosphor using
Scherrer’s formula [10] d = nk/b cos h, where d, average crystallite
size; b, FWHM; k, wave length of X-ray used. The crystallite size
was found to be in the range of 20–50 nm. The strain and crystal-
lite size was estimated fromW–H plots method [11] using the rela-
tion bhkl cos hhkl ¼ kkd þ 2e sin hhkl:The plot of b cos h along y-axis and
4 sin h along x-axis was shown in Fig. 2. The slope of the line gives
the strain and the intercept of the same line gives the crystallite
size. The values of the crystallite size and strain for as-formed
and calcined products obtained were given Table 1. It was observed
that strain present in as-formed sample was found to be higher
when compared to Gd3+ doped Nd2O3. This increase in strain
may cause the shifting and broadening of the PXRD peaks shown10 20 30 40 50 60 70
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Fig. 1. PXRD patterns of Nd2O3:Gd3+ nanophosphor (a) as- formed(b) calcined at
900 C for 3 h.in inset of Fig. 1. The crystallite size anticipated from W–H plots
was to some extent higher than those expected using Scherrer’s
method. The discrepancy in the values was due to the fact that in
Scherer’s method, the strain component was assumed to be zero
and obtained broadening of diffraction peak was considered as a
result of reducing grain size only [12].
3.2. Morphological studies
Fig. 3(a and b) depicts the SEM micrographs of as-formed and
calcined Nd2O3:Gd3+ nanophosphors. It was evident from SEM
images; the product was highly porous in nature, crispy, large
voids and agglomerated particles. The porous nature was mainly
attributed to the large amount of gases escaping from the reaction
mixture during combustion [13]. Fig. 3(c) shows the transmission
electron microscopy (TEM) image of calcined Nd2O3:Gd3+
(2 mol%) at 900 C for 3 h. The average particle size was found to
be in the range 50–350 nm. To examine the crystalline nature
and atomic structure information of the phosphor, high resolution
transmission electron microscopic (HRTEM) was studied
(Fig. 3(d)). A clear atomic lattice fringes indicate highly uniform
structure and dislocation free. The lattice space (d) corresponding
to (101) plane was calculated and found to be 3.6 nm. In order
to estimate the atomic and molecular weight of the compound,
EDXA was studied and shown in Fig. 3(e).
3.3. Fourier transform infrared spectroscopy (FTIR)
Fig. 4 shows the FTIR spectra of as-formed and calcined Nd2O3:-
Gd3+ (2 mol%) phosphor at 900 C for 3 h. The characteristic metal–
oxygen (Nd–O) vibrations were observed at 407 and 670 cm1
[14]. The sharp peak at 3615 cm1 was due to metal hydroxide
(M–OH) peak. The bands between 3300–3700 cm1 were due to
the (O–H) vibration of H2O absorbed by Nd2O3 phosphor. The
Fig. 3. (a) SEM, images of Nd2O3:Gd3+ nanophosphor as formed and (b) calcined at 900 C for 3 h, (c) TEM, (d) SAED and (e) EDAX.
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group. We believe that the possible source of the carbonyl group
was from oxalyl dihydrazide fuel used for the combustion synthe-
sis [15].
3.4. UV–Visible absorption and band gap measurement (Eg)
The UV–Visible absorption spectra of as-formed and calcined
Nd2O3:Gd3+ at 900 C for 3 h recorded in the wavelength range
200–800 nmwas shown in Fig. 5(a and b). A broad absorption band
was observed in as-formed product at 256 nm. However, in cal-
cined Gd3+ doped Nd2O3, a prominent absorption peaks were re-
corded in the range 530–600 nm (inset Fig. 5). The absorption
peak at 246 nm was due to photo excitation of electron from va-
lance band to conduction band [16]. Whereas, the peaks recorded
in the range 530–600 nm were due oxygen vacancies [17]. The en-
ergy gap (Eg) of as-formed and calcined sample was estimated
using Tauc’s relation by plotting (ahm)2 vs photon energy (Fig. 6).The Eg values of as-formed and calcined sample were found to be
5.2 and 5.5 eV respectively. The Eg value for the calcined sample
was well matched with reported literature [18]. Further, the Eg va-
lue was found to be lesser in as-formed sample when compared to
calcined sample. This might be due to presence of large number of
defects namely surface defects, oxygen vacancies, distortion, lattice
strain, etc. However, in calcined sample, the defects were com-
pletely nulliﬁed and the structure was more ordered. The variation
of Eg values may be due to method of preparation, amorphous or
crystalline nature of the product.
3.5. Raman studies
Raman spectrum of Nd2O3:Gd3+ (2 mol%) excited at 633 nm la-
ser light was recorded in the range 50–3000 cm1 (Fig. 7). A sharp
and intense Raman peaks were recorded at 68, 151, 346, 438,
1835, 1936, 1992, 2064 and 2408 cm1. The intense peaks ob-
served in both lower and higher wavenumber side were mainly
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Fig. 7. Raman spectra of Nd2O3:Gd3+nanophosphor calcined at 900 C for 3 h.
Table 2
Estimated kinetic parameters of 900 C calcined Nd2O3:Gd3+ nanophosphor by Chen’s peak shape method.
Dose (kGy) Peak Tm (K) b (lg) Activation energy (eV) Frequency factor (s1)
Es Ed Ex Eave
0.23 1 399 2(0.49) 1.346 1.403 1.381 1.377 2.01E+11
2 412 2(0.51) 2.53 2.434 2.495 2.486 3.50E+19
0.69 1 399 2(0.50) 1.359 1.409 1.391 1.386 2.40E+11
2 413 2(0.48) 2.256 2.242 2.265 2.254 5.98E+17
1.14 1 399 2(0.48) 1.923 1.935 1.942 1.933 4.53E+15
2 412 2(0.49) 2.769 2.696 2.753 2.739 2.83E+21
1.60 1 398 2(0.48) 1.887 1.902 1.907 1.899 2.53E+15
2 413 2(0.49) 2.575 2.523 2.567 2.555 1.11E+20
2.05 1 398 2(0.49) 2.043 2.037 2.053 2.044 3.41E+16
2 412 2(0.49) 2.982 2.873 2.948 2.934 8.70E+22
B. Umesh et al. / Journal of Alloys and Compounds 591 (2014) 286–292 289attributed to Fg and combination of Fg + Eg modes respectively [19].
The optical and acoustical modes represented in rare earth oxides
were given by
Cop ¼ 4Ag þ 4Eg þ 14Fg þ 5A24 þ 5E4 þ 16F4 ð2Þ
Cac ¼ F4 ð3Þ
where Ag. Eg, Fg; Raman active, F4; IR active and A24 and E4 were
inactive. In C type Nd2O3, structure totally 22 Raman lines were pre-
dicted [20]. It should be noted that none of the Raman spectra show
the expected number of optical/acoustical bands. In Y2O3 and Sc2O3
exhibits 14 and 16 bands which were less as expected from factor
group analysis. Further, it was noted that similar number of Ramanpeaks were observed in single crystals recorded at low temperature
(5 K). This might be due to local stress and a large number of point
defects can lead to a lowering symmetry and to the band broaden-
ing [21]. Raman modes exhibit blue shift of 13 cm1 was observed
in Gd3+ doped samples when compared to as-formed Nd2O3 pre-
pared by combustion route. This was mainly attributed to lattice
distortion. The vibration peaks becomes much stronger and wider
in Gd3+ doped sample, indicating more number of oxygen vacancies
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290 B. Umesh et al. / Journal of Alloys and Compounds 591 (2014) 286–292created after incorporation Gd3+ into the Nd2O3 lattice. The reduc-
tion in Raman modes and shift was due to size effect. Hence, from
the above results it may be concluded that there was a decrease
of Raman wavenumber in the case of rare earth sesquioxides when
compared to bulk material.
3.6. Photoluminescence (PL) studies
Fig. 8 shows the PL emission spectrum of Nd2O3:Gd3+ monitor-
ing at 270 nm excitation. The spectrum exhibits a strong and nar-
row emission line at 308 nm along with weak peaks at 297, 302
and 317 nm. These emission peaks were attributed to the f–f tran-
sitions of Gd3+ ions [18,22,23].
3.7. Thermoluminescence (TL) studies
Thermoluminescence also known as the thermally stimulated
emission of light from an insulator or semiconductor, following
the previous absorption of energy from ionizing radiation such as
c-rays, X-rays, b-rays, a-particles, neutrons and energetic ions
[24]. It was wide range of advantages over other methods owing
to its simplicity of the sample readout, small size, portability, lack
of electrical power requirements, etc. The large interest in TL as a
technique for radiation dosimetry in environmental, personal and
clinical applications pushes the research for producing large num-
ber of new and high-performance TLD phosphors.
Fig. 9 shows the TL glow curves of Nd2O3:Gd3+ (2 mol%) nano-
crystalline phosphor c-irradiated in the dose range 0.23–2.05 kGy
at a warming rate of 5 C s1. A prominent single glow peak at
409 K was recorded, for all the exposed doses without changing
its glow peak structure. Variation of TL glow peak intensity for
409 K with different c-doses was plotted and shown in Fig. 10.
As can be seen from the ﬁgure, TL intensity increases linearly with
c-dose up to 1.6 kGy and there after it increases exponentially. The
TL intensity was found to be smallest for lower c-irradiated sam-
ples due to creation of lesser defects/traps. However, for higher c
irradiated samples creation of more number of lattice defects/
traps as a result TL intensity increases. The linear behavior of TL
intensity from 0.23 to 2.05 kGy dose range was explained based
on track interaction model (TIM) [25,26]. According to this model,
the number of trap/ luminescence centers created by c-irradiation
in a track mainly depends upon the cross section and the length of
track created inside the matrix. As it was well known that in nano-
structured materials, the length of the track crated by high energy296 304 312 320
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302 nm 
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Fig. 8. PL spectra of Nd2O3: Gd3+ (2 mol%) nanophosphor calcined at 900 C for 3 h
at a excitation wavelength of 270 nm.radiation (c) was of the order of few tenths of nanometers (nm). At
low doses, there might be present few trapping / luminescence
centers (TC). As the c-dose increase creation of more number of
overlapped tracks which may not give extra TL as a result satura-
tion may occur. Thus on increasing higher c-doses, smaller sized
particles which had left out during, irradiation will create more
number of trapping/luminescent centers, which intern TL intensity
at 409 K glow peak increases. TL glow curves of c irradiated Nd2-
O3:Ni2+ showed two TL peaks at 169 C and 236 C at a warming
rate of 5 Cs1. The TL glow peak intensity at 169 C increase line-
arly with dose. The two glow peaks indicated two kinds of trapping
centers (shallow/deeper) were created due to c-irradiation [18]. In
the present study, a single shallow trap has been created in the c
dose range 0.23–2.05 kGy.
TL intensity was mainly due to the radiative recombination of
previously trapped holes or electrons thermally released from their
different trapping sites [27]. Suitable activator and appropriate
concentration may enhance the TL intensity. Therefore, the TL glow
peak values and its intensity was a characteristic nature of the
sample and dopant (TM/RE) ions. The presence of rare earth/tran-
sition metal ions may change the TL glow curve structure either
enhancing or quenching the TL intensity [28].
TL properties of trivalent Eu3+ doped Nd2O3 phosphors synthe-
sized by solution combustion technique showed a single glow peak
at 426 K in the c-dose range 100–400 Gy. The TL glow peak inten-
sity with c-dose follow linear relation, for higher c-doses the TL
Fig. 12. EPR spectrum of Nd2O3: Gd3+ (2 mol%) nanophosphor calcined at 900 C for
3 h.
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ied nearly 21 days for a test dose of 200 Gy. Strong fading was ob-
tained initially after 4 days; the decay was quite slow and fading
stabilities after 21 days.
TLD phosphor generally exhibits one or more peaks when the
charge carries (holes or electrons) were released. The dosimetric
properties of TL materials largely depend on the kinetic parameters
(E, b and s). These parameters will give valuable information about
mechanism responsible for the emission in the phosphor. For a
good TLD phosphor, a clear knowledge of its kinetic parameters
was highly essential. These parameters can be estimated using
Chen’s set of empirical equations [29]. For the peak shape method
by deconvoluting the glow curve by using Glow curve deconvolu-
tion (Fig. 11). The peak shape method was generally called Chen’s
peak method which was used to determine the kinetic parameters
of the glow peak of the TL materials. This method was based on the
temperatures Tm, T1 and T2, where Tm was the peak temperature,
while T1 and T2 were temperatures at half the intensity on the
ascending and descending parts of the glow peak respectively. To
determine the kinetic parameters the following shape parameters
were determined. The total half intensity width x = T2  T1, the
high temperature half width d = T2  Tm and low temperature half
width s = Tm  T1, the peak shape method was mainly used to cal-
culate the order of kinetics. Order of kinetics was evaluated from
the symmetry factor (lg) of the glow peak; lg was calculated from
the known peak shape parameters d and x
lg ¼ d=x ¼ ðT2  TmÞ=ðT2  T1Þ ð4Þ
Order of kinetics depends on the glow peak shape. The value of lg
for ﬁrst and second order kinetics was 0.42 and 0.52 respectively.
Chen has provided a plot which gives order of kinetics of the TL
process, accordingly to the value of lg. Another parameter pro-
posed by Balarian gives the kinetic order as a function of the
parameter
c ¼ d=s ¼ ðT2  TmÞ=ðTm  T1Þ ð5Þ
For the ﬁrst order kinetics, the Balarian parameter (c) ranges from
0.7 to 0.8 for second order kinetics it varies from 1.05 to 1.20. Gen-
erally in the ﬁrst order, the process of re-trapping was negligible
and the trap should be situated very close to the luminescent cen-
tre. The characteristic of the second order peak was wider and more
symmetric than the ﬁrst order peak. For a ﬁxed heating rate, in ﬁrst
order kinetics both peak temperature and shape was independent
of the initial trapped electron concentration but in second order,280 320 360 400 440
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1.60 kGy c-dose at a heating rate of 5 C s1.the peak temperature and shape was strongly dependent on initial
trapped charge concentration.
The activation energy (E) was estimated using the general rela-
tion for any kinetics which was given by
Ea ¼ ca kT
2
m
a
 !
 bað2kTmÞ ð6Þ
where a = s, d and x with s = Tm  T1, d = T2  Tm and x = T2  T1.
Cs ¼ 1:51þ 3:0ðlg  0:42Þ; bs ¼ 1:58þ 4:2ðlg  0:42Þ ð7Þ
Cd ¼ 0:976þ 7:3ðlg  0:42Þ; bd ¼ 0 ð8Þ
Cx ¼ 2:52þ 10:2ðlg  0:42Þ; bx ¼ 1 ð9Þ
The frequency factor (s) obtained using the following relation:
s ¼ bE
kT2m
exp
E
kTm
 
½1þ ðb 1ÞDm1 ð10Þ
where D ¼ 2kTE ; Dm ¼ 2kTmE and b; linear heating rate and k; Boltz-
mann constant (8.6  105 eV K1), b; order of kinetics. In this
expression ‘s’ depends on Tm, in second order kinetics Tm depends
on the absorbed dose. The estimated kinetic parameters of Nd2O3:-
Ni2+(2 mol%) nanophosphor was given in Table 2.
3.8. Electron paramagnetic resonance (EPR) studies
Fig. 12 depicts the EPR spectrum of Nd2O3:Gd3+ (2 mol%) nano-
crystalline phosphor. The spectrum exhibit two broad EPR signals
at g  2.132 and g  5.210 which were attributed to Gd3+ ions. This
type of spectrum was aptly labeled as the U-spectrum. An exact
analysis of the U-spectrum was complicated by two factors. First,
the randomness inherent in disordered systems, results in a broad
distribution of crystal ﬁeld parameters in comparison with that
present in polycrystalline powders. Secondly, the EPR absorption
curve of the U-spectrum has its maximum near g  2.0, a second
absorption near g  6.0 and a signiﬁcant amplitude at g 1 (zero
ﬁeld). This indicates that there was a wide range of crystal ﬁeld
strengths where neither the Zeeman interaction nor the crystal
ﬁeld interaction may be realistically treated by perturbation
methods.
4. Conclusions
Solution combustion route was used to prepare Nd2O3:Gd3+
(2 mol%) nanophosphor using ODH as fuel. Mixture of A and C-
type of Nd2O3 was obtained from PXRD studies. Williamson–Hall
(W–H) plots and Scherrer’s method was used to estimate the crys-
tallite size and found to be in the range of 20–50 nm. TEM result
292 B. Umesh et al. / Journal of Alloys and Compounds 591 (2014) 286–292further support the nano size of the material. SEM micrographs of
the phosphor show highly porous, agglomeration with large voids.
The optical band gap of Nd3+ doped Nd2O3 nanoparticles was
5.5 eV which was higher than the bulk Nd2O3 (4.7 eV). This can
be attributed to the quantum conﬁnement effect of the nano parti-
cles. The broad EPR spectrum show two resonance signals with
effective g values at 2.132 and 5.210 were attributed to Gd3+ ions.
The intense Raman peaks were assigned, to Fg and Ag+Eg modes. A
single glow peak at 409 K was recorded at a warming rate
5 C s1. Variation of TL intensity as a function of c-irradiation
show linear response up to 1.60 kGy and after that it follows expo-
nential growth. The phosphor show simple glow peak structure
and less fading over a period of 30 days as a result this might be
quite useful in radiation dosimetry. The 409 K glow peak follow
second order kinetics (b) and the activation energy (E) & frequency
factor (s) varies from 1.377 to 2.934 and 2.01  1011 – 8.70 
1022 Hz respectively.
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